Introduction
D epending on substituents diphenyl ethers exert a m ultifunctional m ode o f action (P. Böger, this issue). The /rara-nitrodiphenyl ethers, such as oxy fluorfen, exhibit th eir phytotoxic activity by p e ro x i dative destruction o f the photosynthetic m e m b ran e [1, 2], Light is required for these com p o u n d s to induce herbicidal activity [3, 4] , From earlier experim ents [1, 5] we can assum e that the photosynthetic electron tran sp o rt in itiates radical form ation leading to radicalic chain re a c tions. Evolution o f volatile hydrocarbons is the conse quence of degradation o f polyun satu rated fatty acids. N o experim ental evidence for radicals sh o w ing up under the influence o f peroxidizing D PE s has been presented so far. T his com m unication is to support our previous hypothesis [5] and to d e m o n strate the existence o f radical in te rm ed ia te s by activity o f oxyfluorfen.
Only a few reactions in (bio)organic chem istry, which proceed via (free) radical m echanism s, can be studied directly by ESR. G enerally, radical in te r m ediates are below the d etection lim it, and shortliving species have to be trap p e d [6 , 7] , The a d d i tion of a free radical R-to a positively charged p art o f an acceptor m olecule is a m eans o f observing radical form ation ("spin tra p p in g "). This tech n iq u e has been applied successfully to investigations o f num erous biological systems av o id in g higher co n centrations o f organic buffers or m ethanol, w hich themselves m ay lead to spin ad d u cts [8 , 9] . P artic u larly relevant are those spin trap s leading to a kinetically stable new radical (Fig. 1) . T hus the addition o f R-to either a nitro [10] , nitroso [11] or nitrone [ 1 2 ] produces a stable nitroxide radical suitable for ap p ro p riate ESR m easurem ents.
Materials and Methods
Spinacia oleracea, var. A tlanta, was grown in the open during M arch to June and S eptem ber to O cto-ber. Chloroplasts isolated according to [13] w ere used for the experim ents described. To w ashed, freshly harvested leaves 50 ml hom og en izatio n m e dium was added: 0. 8 ] were ad d ed ju st before starting the ESR experim ents. These concentrations are generally used and have been found a d e q u a te for our purpose. Photolysis was p erform ed ac co rd ing to [15] using the chloroplast-suspension m e dium , but w ithout chloroplasts (see Results).
ESR spectra were recorded on a V arian E-109 spectrom eter (Palo Alto, USA) at approx. 9.5 G H z and 100-KHz m odulation frequency. Exact g-values and hyperfine coupling constants w ere d eterm in e d on a Bruker B-ER 420 instrum ent (K arlsruhe, G e r many) equipped w ith a frequency co u n ter and a gaussmeter. Samples were transferred to a q u artz aqueous solution cell; for anerobic experim ents, the cell was evacuated and flushed w ith an in e rt gas [16] .
ESR m easurem ents w ere p erform ed at room te m perature in a V-4534 optical transm ission cavity which allowed direct illum ination (light o f ab o u t 90 W /m 2, passing through a 4-m m KG-1 h ea t filter from Schott) during signal tracing.
For the determ ination o f C 2-h ydrocarbons as m arkers o f herbicide-induced p ero x id atio n , 2 -ml aliquots o f Scenedesmus cultures w ith a packed cell volume (pcv) o f 3 to 4 n l/m l w ere illu m in a ted (white light, approx. 100 W /m 2) for 15 h in gastight vessels, using a W arburg ap p a ra tu s as d e scribed [5] . Scenedesmus obliquus (form erly acutus), no. 276-3a, from the C ulture Collection, U niversity o f G öttingen, G erm any, had been cu ltivated autotrophically using light o f ab o u t 30 W /m 2 according to [17] , Each experim ent was perfo rm ed at least four times. The am plitudes o f the in dividual ESR signals had tolerances o f ± 5% from the m ean. In the graphs, a typical m easurem ent is given.
Chem icals, analytical grade, were pu rch ased from Merck, D arm stadt; D M PO and PBN, Janssen P harm aceutica, Beerse, Belgium; and m ethylviologen, Serva, H eidelberg.
Results and Discussion
P ara-substituted DPEs, such as oxyfluorfen, in duced peroxidative d eg rad atio n o f the p h o to sy n thetic m em brane (Table I) To trace the radicals induced by 4 '-su b stitu ted DPEs the spin traps PBN and D M PO w ere used. Only in the presence o f m olecular oxygen and in the light radical concentration was substantial to be measured. In Fig. 3 , a set o f sp in -trap p in g ex p eri ments with chloroplasts and the nitrone PBN is illus trated. In the dark, the chloroplast suspension (see M ethods) w ith oxyfluorfen present did not show ESR signals (A). U pon illum ination, b u t w ith oxy fluorfen absent, a small signal was observed w ith a hyperfine splitting typical for a PBN -spin ad d u c t [21, 22] (B), w hich d isap p eared after ab o u t 30 m in illum ination tim e. An am plified, b u t identical sig nal, centered at g 2.005 (/1N = 15.83, ^^ = 3.31 G ) was form ed im m ediately after illu m in atio n in the presence o f oxyfluorfen (C). In contrast to (B), the signal am plitude was enlarged by a factor o f 5 to 6 and observable for ab o u t 3 h. In the light D M P O was not effective w ith DPEs.
The sam e experim ents carried out w ith a D PE having a -Cl (Fig. 4, E) instead o f a 4 '-N 0 2 group showed the sam e signal o f m arked longevity as detected w ith oxyfluorfen (C). The low er p h y totoxic activity o f the C l-D PE vs. the N 0 2-D P E (T able I, Fig. 2 ) and the identical height o f th eir signals are due to the high herbicidal concentration used throughout for both DPEs to o b tain the E SR spec tra (see M ethods). This concentration, by far exceeding the dosis needed for phytotoxic effects, was necessary to produce radicals enough to be m easurable in th e ESR instrum ent. P hotosynthetic electron transport is involved in radical fo rm atio n as seen by signal D o f Fig. 3 , since in h ib itio n o f elec tron flow by diu ro n ( 1 0 hm) abolished the w eak sig nal o f the control as well as the am plified signal o f the /? -N 0 2 and /?-Cl-DPEs (Figs. 3, 4 ; C, E). W ith the diphenyl eth er R H 1939, having a hydrogen in 4'-position, no peroxidative activity was evident [23] , and no am plified ESR signal was seen (Fig. 4,  F) . Both am p litu d e and shape o f the sm all basic signal obtained w ere the sam e as observed in the light w ithout herbicid e present (see Fig. 3, B) .
These experim ents show a n itro [23] or halogen [24] substituent in 4'-position as necessary for the generation o f radicals, as was concluded previously by assaying peroxidative activity. O ur hypothesis for the activation of para-su b stitu ted D PEs is that radical interm ediates (a D P E -anion rad ic al? ), generated by photosynthetic electron transport, a b stracts a hydrogen atom from a polyun satu rated a-fatty acid (here: a-linolenic acid) leading to a radical center at a /?-carbon. A fter conjugation o f two double bonds, giving a lin o len ic-acid rad ical followed by a reaction w ith m o lecu lar oxygen, a free peroxy radical is form ed. T his again reacts w ith another linolenic-acid m olecule, startin g a p e r oxidative chain reaction [25] .
The ESR param eters o f the sp in ad d u cts o f PBN, obtained in this study, in d icate th a t th e signal m ay be due to either an alkyl radical, or a rad ical o rig i nating from linolenic acid. T his in te rp re ta tio n is m ainly based on th e large value o f 3.31 G found for the proton-coupling constant A&. T hus, A ft for the methyl adduct is 3.45 G [6 ] , fo r the ad d u c t o f linolenic acid 3.35 G [22] , w h ereaas 2.75 G w ere determ ined for the hydroxyl-radical ad d u c t o f PBN [15] . In this context it should be m en tio n ed th a t th e m agnitudes o f b oth .4N and A& are solvent d e p e n dent to some extent: A o f P B N -O H in benzene was reported as 2.88 vs. 2.75 G in w ater [15] , A pp aren tly , a transient radical o f th e p ero x id ativ e d ip h en y l ether itself is not observed here. O nly a lightinduced (trapped) signal o f illu m in ated control chloroplasts is am p lified (Fig. 3, B, C; Fig. 4, E, F) .
Bipyridylium salts, like p a ra q u a t, red u ced by photosystem I to radical cations, are reo x id ized by 0 2 [26] , w hich can be easily m e asu red as oxygen uptake. The originating reactive oxygen species cause peroxidative destruction o f the p h o to sy n th etic m em brane [27, 28] . O xygen uptake is also observed with paraquat in the dark, w hen electrons are denoted by N A D P H (via ferredoxin [29] ). T hese two oxygen-uptake system s do not w ork w ith peroxidizing DPEs, w hich -in a d d itio n to the ESR m easurem ents reported here -gives clear evidence that DPEs and p ara q u at have a d iffe ren t m ode o f driving radical (chain) reactions. Figure 5 illustrates the results o f sp in -trap ex p e ri ments with DM PO and isolated spinach c h lo ro plasts plus herbicides. S im ilar to PBN , no sign ifi cant am ounts o f ESR -active species w ere m easu red in the dark (signal G ). U pon illu m in a tio n a sm all signal, centered at g = 2.006, was observed (H). In contrast to signal (C) o f Fig. 3 using PBN, w ith oxyfluorfen plus D M PO , no increase co n cen tratio n was detected as com pared to the h erb ic id e-fre e control (see signals H and J). Illum ination of chloroplasts in the p resence o f paraquat ( 1 0 jim ) gave a strong signal at g = 2.006, which was split into four eq u id istan t lines (signal I). This was only observed for ab o u t 5 to 6 m in. T h e re after, a new signal appeared. T he first signal w ith a splitting of 15.3 G originated m ost likely from the hydroxyl-radical adduct o f D M P O [15] . T he second signal, exhibiting a m ore com plex hyperfine p a tte rn than the first one, was identical w ith th e one described [30] and arises from the p a ra q u a t-ra d ic a l cation produced by electron transport a fte r co n sum ption of oxygen in the reaction m ixture. T he sam e signal was found w ith p ara q u at, w hen re d u c ing equivalents were delivered by N A D P H th ro u g h a system o f hepatic m icrosom es from rats. A d d itio n o f paraquat and diuron (10 (iM ) abolished th e sig nals due to inhibition of the p h otosynthetic electro n transport (data not shown).
For the standardization o f th e radicals tra p p e d in our experim ents w ith D M PO and PBN, we u sed th e photolysis o f 1 and 15% (v/v) H 2 0 2 [15] . T he signals generated thereby with D M PO present (Fig. 6 M) were sim ilar to those found w ith illu m in ated ch lo ro plast m aterial plus p ara q u at (Fig. 5, I ). A gain PBN did not show a spin adduct in 1% H 20 2 (Fig. 6 , K) , but a small signal show ed up using 15% H 20 2 (signal L). N evertheless, the am p litu d e o f th is signal was 2 to 3 tim es less than th a t generated by PBN plus oxyfluorfen (Fig. 3, C) .
